This paper attempts to control the motion of a surgical robot to perform surgeries in an accurate and precise manner. In the target robot, two revolute joints, one prismatic joint and one revolute joint are connected in series, i.e. the 2PRP configuration. The external disturbances on the 2PRP robot were estimated, and the dynamic modelling of the robot was performed using the Newton-Euler formulation. Then, a control system was designed to control the robot motion by the torque computed based on the data collected by the disturbance observer, which compensates for the disturbance-induced error. The surgical robot and control system were simulated in MATLAB/Simulink. The results show that the designed control system can effectively compensate for the position error and control the robot motion in surgeries.
INTRODUCTION
The wide range of medical healthcare is equipped with robots in the current paradigm. The surgical robots play a crucial role in the healthcare domain. The increasing interest of robots in different surgical applications like orthopedic surgery, bariatric surgery, Cosmetic surgery, Ocular surgery, rehabilitation etc. [1] [2] [3] . The surgical manipulator is widely used in various surgical applications like cutting, suturing, catering, etc. The surgical manipulator is chosen specifically for suturing task and assumed to have in-vivo laceration [4, 5] . The configuration of the manipulator is 2RPR. It has horizontal jointed articulated arm configuration manipulator. The end tool of the robot can be modified to perform various surgical tasks such as a holding camera and smart tools like endo stitch, endosew, etc. [6] . As compared to the task performances of the surgical manipulator need to undergo various interactions between patient body parts and robot end tool. The robot will receive different interaction forces on interacting with different body parts due to the difference in stiffness coefficient. The interaction forces while interacting with the patient is assumed to be external disturbances represented by . The internal disturbance of the manipulator represented by is considered to be caused by system uncertainty and noises. Therefore we need to design a controller who will have the knowledge of each state of the system and able to compensate for the effect of disturbances [7] [8] [9] . The common techniques used for disturbance rejection are such as Adaptive control, Robust Control, active Kalman filtering, Sliding mode control, etc. for the different robotic applications. The emerging technique used for disturbance compensation is known as disturbance observer. In the disturbance observer is popular because of considering the disturbance model acting on each joint of the robot and estimating the unknown parameters of the system such as torque and forces. The independent joint control the disturbance observer considers the varying load [10] , dynamic uncertainties [11] , friction force [12, 13] , unmodeled dynamics as the lumped disturbance term [14] . By the use of linear matrix inequality (LMI) the disturbance observer is designed for the slow varying disturbances. The SCARA robot configuration and Phantom Omni was taken into consideration for the validation of results [15] . For the rapid time-varying disturbance like friction, the nonlinear disturbance observer technique was discussed by W. Chen [14] A Nonlinear disturbance observer using feedforward compensation technique without computing acceleration measurements which is useful for computing sensorless torque control and fault detection. Further Nikoobin et.al. modified Chen's Method for the generalized nonlinear disturbance observer applicable for n DOF robot manipulator having revolute joints [16] . Mohammadi et al. [17] provides nonlinear disturbance observer generalized solution for all serial manipulator irrespective of its joint configuration.
The scope of this research is to control the motion of the surgical robot in order perform the accurate and precise task of surgery. The joint errors in each joint of robot manipulator can cause a significant drift in the position of surgical tool. This drift in the surgical tool position can be the cause of huge loss such as death of patient. In order to compensate the error caused by disturbances, the disturbance observer-based computed torque control is used. The surgical robot is having 2RPR robot configuration.
Hence in this paper, the trajectory tracking of a surgical robot for the ex-vivo laceration. The robust and effective control scheme implement to compensate the disturbances is disturbance observer-based computed torque control. To estimate the states of the system when the measurements are not available the disturbance observer is the most effective technique for the same as proven by the literature [17, [19] [20] [21] [22] [23] [24] . The Newton-Euler formulation is used for the dynamic modeling of the surgical robot [25, 26] . With the help of simulation modeling, the performance estimation of the defined surgical robot is been computed. The frame assignment of the manipulator is represented in Figure 1 . The physical dimensions of the system along with mass parameters of the surgical manipulator is taken into consideration. To identify the dynamics and kinematics of the surgical manipulator. Therefore, Table 1 illustrates the parameters taken into consideration during the modeling of the manipulator in simulation. For the kinematic and dynamic modeling of the surgical robot, the Denavit-Hartenberg (D-H) parameter of the robot is identified from the frame assignment diagram Figure 1 . Table  2 represents the Denavit-Hartenberg (D-H) parameter of the surgical robot. 
DYNAMIC MODELLING FOR SURGICAL ROBOT
There is n number of methods to formulate the dynamics of the system such as Euler Lagrange, Recursive Lagrange, Newton Euler, Bond Graph, Featherstone, Wittenberg algorithms, etc. [27, 28] . From which Newton Euler and Euler Lagrange are commonly used algorithms. Newton Euler is considered to be more efficient with respect to Euler Lagrange because less number of addition, multiplication, and athematic operations are used [27] . Therefore, the computation of surgical manipulator dynamic equation the Newton Euler formulation is chosen. The generalized dynamic expression for N degree of freedom (DOF) robot manipulator with disturbances (τdis) can be seen in Eq. (1) [28] [29] [30] [31] .
where, the Generalized Input Force Vector (n x 1 dimension) is expressed as / , The Inertia Matrix of a surgical manipulator is represented by with the dimension of n x n. ( ) is a positive symmetric matrix, is Centrifugal and Coriolis Forces (n x 1 dimension), is a Gravitational Force Vector, ̇ is Joint Angular Velocity Vector and is Joint Position Vector. τdis is stated as the total disturbance acting on each joint of the manipulator. The total disturbance is the algebraic sum of internal disturbances caused by model uncertainty and external disturbances caused by friction forces are stated in Eq. (2) [31] .
The internal and external disturbances in the system were modeled as mentioned in Eq. (3) and Eq. (4). [21] = ∆ ( )̈+ ∆ ( ,̇)̇+ ∆ ( ) +
where, ∆ ( )̈, ∆ ( ,̇)̇ ∆ ( ) are the representation of variation in system modeling from the actual system to the nominal system also known as parameter uncertainties. The system noises due to measurement and process are represented as .
The modeling of external disturbances for the ith joint of the manipulator, i=1, 2, 3, 4 is stated below in Eq. (4). Where is the coefficient of friction, which includes coulomb, static and viscous friction. The parameters used for simulation are chosen as 1 = 1.43, 2 = 1.6, 3 = 1.4, 4 = 1.2 and as a simulation time of the system.
The Eq. (5) states the Inertia Matrix of the surgical robot [30] . 
Eq. (7) states the Gravity Matrix (G) of the surgical robot, which shows the impact of gravity on each link of the manipulator.
In order to simplify the dynamics of the manipulator, the arbitrary constants are used. The value of constants used is stated as constant 1 = 1 + 2 + 3 + 4 + 1 * 
CONTROL SCHEME OF THE SURGICAL MANIPULATOR
The purpose of implementing the Disturbance Observer (DOB) control scheme on the surgical manipulator is to optimize the effect of both internal and external disturbances. From the literature reviewed, the system is assumed accurate and with the help of sensors external disturbances are measured [8, [28] [29] [30] [31] . In the proposed surgical system, the measurement devices are considered though which the joint position of the manipulator is achieved.
Figure 2. Block Diagram of the disturbance observer scheme for the surgical robot
The desired task space trajectory is feed to the system through inverse kinematics such that the desired angle for each joint is computed. The error between desired and actual joint angles/ joint displacement is passed through control block diagram that provides the control torque represented as τc. Disturbance observer in order to compensate for the disturbance and achieve accurate trajectory tracking computed the estimates of disturbance stated in Eq. (10) [30] .
The nonlinear control law for a surgical robot is stated in Eq. (9) [31] .
On solving equation 1 with Eq. (9) we will get,
Let's assume ̈+̇+ =̃. From the above equation it states that ( )̃= 0.The mass matrix of the system cannot be zero hence it states that ̃= 0.
where, the estimates of ( ) , , ( ,̇) and ( ) are represented as ̂( ), ̃, ̂( ,̇) and ̂( ). The ̃ is the represented as disturbance estimator with n x 1 matrix dimension. The ̃ is equivalent to the product of the gain constant ( ) and joint velocity (̇) with the algebraic sum of Z which is an arbitrary vector taken into consideration can be seen in the below Eq. (12) .
On taking the derivative of ̃ stated in the above Eq. (12) will become as
On replacing ̈ value from Eq. (13)
On rearranging the values of Eq. (14)
On replacing the value of ̃ from Eq. (15)
Eq. (16) is the final expression of the disturbance estimator of the proposed disturbance observer. The error causing in each joint of the manipulator due to internal and external disturbances provides the accumulative error at the end effector position. Similarly, to reduce the error in the position of surgical tool to locate the targeted position the error at each joint gets reduced using proposed disturbance observer control technique with successive operations. This observer requires only the measurement of joint velocity. The tuning of gain parameter of the DOB , , 3 brings the significant difference in system settling time and steady-state errors. 
SIMULATION STUDY OF DISTURBANCE OBSERVER
The mathematical modeling of the surgical manipulator and control system is implemented in Matlab/Simulink package shown in Figure 3 . While modeling the system the external disturbances and internal disturbances were taken into consideration. The reference trajectory is the trajectory of laceration on the patient. The reference trajectory is given to the manipulator defined in Cartesian space. Through inverse kinematics, the joint space trajectory is feed to the system to achieve accurate and robust trajectory tracking. The results of the manipulator with and without disturbance observer are compared in presence of disturbance torque, as modeled in Eq.
(1).
The gain values of the DOB control used during simulation are Kp = 180I, Kd= 36I, and K3= 10I. In Figure 4 the results of DOB, without DOB and desired trajectory of the joint angle of link1, link 2 and link 4 and length of displacement of link 3 in case of the prismatic joint is compared. The difference between the desired position and actual joint position is the position tracking error of the surgical manipulator while tracking laceration for suturing task. The position tracking error in with and without observer can be seen in Figure 5 .
The joint disturbance tracking using disturbance observer in each joint of the surgical manipulator can be in Figure 6 . This shows system would able to optimize the disturbance both internally and externally by tracing the required laceration trajectory. Figure 7 shows the error joint disturbance torque/force at each joint of the surgical manipulator for tracing the trajectory. In the task-space coordinates, the performance of DOB controller with respect to without DOB controller can be seen in Figure 8 . The trajectory of laceration on the patient is tracked effectively and adapting disturbances by disturbance observer control. This task of surgical robot considered in the system is to track the desired trajectory and compensate for the disturbance caused by internal and external factors in order to achieve precise motion of manipulator for suturing task. It is observed that uncertainties, external disturbances and dynamic changes in the system are well adapted by the disturbance observer control. The simulation results are intuitive and point out the effectiveness and use of control for a surgical robot. The laceration tracking performance of controller extended the work to an autonomous surgical robot. The accurate and robust tracking performance of control enables the surgical robot to do n number of tasks performed during surgery.
CONCLUSION
This paper presented the nonlinear disturbance observer to stabilized trajectory tracking for surgical robotic application. The application of this scheme is to test the 2RPR surgical robotic manipulator with the end tool as a suturing tool. The mathematic modeling of surgical robotic manipulator was discussed. The computation of external disturbances affecting the system for the surgical task. The laceration tracking operation was done successfully in order to assist the surgeon to perform suturing task. The obtained results illustrate the feasibility of the DOB control in the application surgical task.
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